Structural health monitoring (SHM) technology may be applied to composite bonded repairs to enable the continuous through-life assessment of the repair efficacy. This paper describes an SHM technique for the detection of debonding in composite scarf repairs using fibre optic Bragg grating strain sensors. A typical composite sandwich structure with a scarf repair on one surface is examined in this paper. A finite element study was conducted which showed that the strain in the debonded region changed significantly compared to the undamaged state. A differential strain approach was used to facilitate the detection of debonds, where two sensors were strategically positioned so that their strain differential increased as the damage propagated. With the use of matching gratings, this technique greatly reduced the support equipment requirement by converting the spectral information into an intensity-modulated signal, thus allowing a compact photodetector to be used for sensor interrogation. An experimental investigation was conducted to validate the theoretically predicted results. The experimental measurements agreed well with the numerical findings qualitatively, indicating that the proposed scheme has great potential as a simple and effective monitoring technique for composite scarf repairs.
INTRODUCTION
Composite bonded repair is an economical alternative to component replacement for heavily loaded aerospace structures. Significant cost savings may be realised over component replacement with minimal loss to structural integrity 1 . However, due to the uncertainty of long-term adhesive performance, current design practices are highly conservative. It is often a requirement that the structure in the repair zone have an acceptable residual strength that is typically 1.2 times the design limit load -in the absence of the repair 2 . This places severe restrictions on the application of bonded composite repairs, allowing them only to be used to restore the residual strength of a structure, rather than its normal operational strength (below the design limit load). Where the residual strength is completely lost due to damage, the structure cannot be certifiably repaired, however technically feasible this may be. Hence, such repairs are primarily applied to secondary structures at the present.
The advent of structural heath monitoring technology brings new opportunities for composite bonded repairs. With the ability to monitor the condition of the repair in real-time, uncertainties are reduced and the repair may be relied upon with more certainty to provide strength recovery of the parent structure, particularly for primary structures where the repair efficacy and cost savings are maximised. Should the repair degrade beyond an acceptable level, the operator can be given warning so that appropriate actions may be taken to avoid further damage (such as limiting the manoeuvring loads), and the aircraft may be landed safely for remedial treatment.
A large variety of sensors have been developed for the detection of structural damage in-situ. Among those, fibre optic Bragg grating strain sensors have attracted significant interest for structural health monitoring applications 3 . They offer advantages including small physical size, ease of embedment in composite structures, immunity to electromagnetic interference and excellent multiplexing capabilities. Various researchers have shown that strain in the damaged region of a structure under load is different to that in the healthy state, and this can be detected by Bragg grating sensors. This paper describes a strain-based health monitoring technique for composite scarf repairs using Bragg grating sensors. Finite element analyses were performed to examine the strain sensitivity to debonds in critical regions of the repair, and hence determine the optimum sensor locations. An experimental study was conducted to validate the numerical findings. An intensity-based detection technique using matching Bragg gratings is presented, which greatly simplifies sensor interrogation.
COMPOSITE SCARF REPAIR
Scarf repairs are applied where surface flushness of the parent structure is important for aerodynamic and stealth considerations. The repair is designed such that it restores the design ultimate strength of the parent structure 4 . Consequently, the full length of the bonded area is critical to the integrity of the repair and any debonding in the scarf line must be detected. It is also customary to apply a thin layer of stepped overplies to protect the scarf tip and to reduce the peak stresses at that location. It was assumed in this study that any debonding was most likely to initiate at the edge of the overplies and propagate towards the scarf joint. A 2 mm debond into the scarf line was used as the critical condition which must be detected by the SHM system in order for it to be considered effective.
A 5° narrow scarf joint was considered in this study, as shown in Figure 1 . The structure was of sandwich construction, with a repaired upper surface and an undamaged lower surface, separated by a 10 mm thick low-modulus core. This minimised any bending effects under load due to the presence of the scarf joint. The lower surface also provided an alternate load path which simulated the effect of a 3D scarf repair with load bypass capability. A quasi-isotropic lay-up was employed for both surfaces, using Cycom 970/T300 prepreg tape, with a stacking sequence of [45 0 -45 90] 2s . Two additional stepped overplies with a stacking order of [45 -45] were attached to the top of the repaired surface to reduce the peak stresses at the outer tip of the scarf joint 5 . 
FINITE ELEMENT ANALYSIS
A 3D finite element model was created in PATRAN using solid brick and wedge elements with orthotropic material properties for the composite components and the core, and isotropic properties for the adhesive. The thickness of the adhesive was equal to one ply thickness (0.2 mm). The material data are given in Table 1 . Debonds in the bondline were implemented by deleting adhesive elements in the affected area. In-plane tension was applied using a uniform displacement (0.5 mm) along one edge of the structure while the other edge was constrained in all degrees of freedom, as shown in Figure 2 . Non-linear gap elements were not used in the crack lines as crack closure was not anticipated under this type of loading. A NASTRAN linear static solver was used to compute strain at various locations for the purpose of damage detection. Two different damage configurations were examined, which were debonding of half of the length of the overplies, and complete debonding of the overplies with a 2 mm incursion into the scarf joint. All debonds were implemented by deleting the associated adhesive elements to provide a physical crack in the affected region.
The longitudinal strain distributions along the surface of the scarf joint with various damage configurations is shown in Figure 3 . The presence of a debond can be seen to considerably alter the strain profile. Within the debonded region, a large reduction in strain can be observed, indicating significant load shedding. This effect is highly localised, with the far field strain remaining undisturbed by the presence of the damage. The small region of compressive strain in the debonded overplies is a result of their outward bending. Load bypass around the damaged region is not discernable in this case, because the most severe level of damage implemented (2 mm) represents approximately only 5% of the scarf bondline length, notwithstanding its high degree of criticality.
Two locations on the surface of the structure have been identified, labelled "Reference Sensor Location" and "Active Sensor Location" in Figure 3 , that may be used for the detection of the debonds examined in this study. The far field reference location can be seen to be unaffected by the presence of a debond whilst the strain at the active sensor location, which is close to the tip of the scarf joint, reduces significantly with increasing debond length, although the relationship does not appear to be linear. Thus, the difference in strain between these locations increases as the damage progresses. The strain differential is also dependent on the level of structural loading.
It can be seen from Figure 3 that the strain difference is small even with half of the overplies debonded, and only becomes appreciable when the overplies are complete debonded. This is due to the localised natural of the damageinduced strain anomaly, as the active sensor is still a large distance away from the tip of the damage when only half of the overplies are debonded. The advantage of the strain differential technique is that when using Bragg gratings as the strain sensors, the subtraction of strains can be achieved optically by using matching gratings which significantly simplifies the interrogation procedure 6 . A similar technique was used by Davis et al. based on thermal residual strain of high-temperature cured composite patches to metallic aircraft structures 7 .
EXPERIMENTAL STUDY
An experimental study was conducted to validate the finite element results. The test specimens were manufactured using carbon/epoxy (Cycom 970/T300) prepreg material with a stacking sequence of [45 0 -45 90] 2s for the upper and lower surfaces. The 5° scarf joint in one surface was created using a computer numeric controlled milling machine. Araldite ® 2011 epoxy adhesive was used to assemble the test specimens. Artificial debonds were incorporated in the scarf joints using thin Teflon inserts with a thickness of approximate 40 microns. Two damage configurations were examined consistent with the finite element study. These were debonding of half the length of the overplies and complete debonding of the overplies with a 2 mm incursion into the scarf region.
Bragg grating sensors were surfaced mounted onto the test specimens using Hysol EA9320NA epoxy adhesive. The gratings were 2 mm in length with a centre wavelength of around 1543 nm. For each specimen, one grating was mounted at the reference sensor location and another at the active sensor location. Each pair of Bragg gratings had the same reflection profile (i.e. matched) and were connected as shown in Figure 4 . It can be seen from the figure that the light reflected by grating 1 (reference) is fed into grating 2, and the intensity of the light transmitted by the latter is monitored. When there is a small or no strain difference between the matched gratings, most of the signal entering grating 2 is reflected, and thus the transmitted intensity is low. As a strain differential develops, the intensity of the transmitted light will increase accordingly due to the separation of the gratings' reflection spectra 8 . The optical intensity can be readily converted to a voltage using a photodiode and an operational amplifier. This greatly reduces the complexity, cost, and weight of the support equipment compared to conventional spectroscopic interrogation.
The test specimens were loaded using weights through a lever arm which multiplied the force approximately 10 times. A maximum load of 7.3 kN was applied using this setup, which was well below the damage growth load for even the most severely damaged specimen. A superluminescent LED (SLD) was used as the light source for the Bragg grating sensors. A photodetector was constructed using an OCP PIN-1300-FC2 photodiode and a Texas Instruments OPA380 transimpedance amplifier. A photograph of the experimental set-up is shown in Figure 5 . 
EXPERIMENTAL RESULTS AND DISCUSSIONS
The normalised photovoltage of the test specimens against the applied load is shown in Figure 6 . Normalisation was performed using the following formulation:
where V N is the normalised photovoltage, V is the actual photovoltage, and V 0 is the photovoltage at zero load. This was necessary because each specimen produced a different zero-load photovoltage due to the variations in the level of broadband back reflection at optical connection points and slight mismatch between the gratings as a result of different levels of tensioning during sensor installation. Normalising the photovoltage allowed the output of the different specimens to be compared for the purpose of damage detection. The strains measured by the Bragg grating sensors were in good agreement with the finite element calculations. It can be seen from Figure 6 that the photovoltage of the specimen with half of the overplies debonded cannot be reasonably discerned from that of the undamaged structure. This is consistent with the finite element results, and is due to the highly localised nature of the damaged-induced strain anomaly. However, it may be argued that the integrity of the scarf joint at this point is not yet compromised as the scarf line still remains intact.
For the specimen with a 2 mm incursion into the scarf line and completely debonded overplies, the normalised photovoltage increased significantly compared to the undamaged specimen. This voltage can also be seen to rise with increasing structural loading, as shown in Figure 6 . Although a direct comparison with the finite element results was not possible due to the multiple conversions of the measurand (i.e. strain to photovoltage to normalised voltage), the experimental results were in excellent qualitative agreement with the theoretical findings.
In general, if a threshold voltage is set as the alarm point, the system can be expected to indicate damage when structural loading exceeds a certain level. It is crucial that this value be selected such that the alarm is activated before the onset of further damage growth, otherwise the system would be inherently unsafe. This may entail the use of modelling techniques such as fracture mechanics and experimental investigations to determine the critical damage areas.
For the structure examined in this study, a normalised photovoltage of 0.7 may be used as the threshold. This will allow the alarm to activate when the damage reaches 2 mm into the scarf line and the structural loading rises above 6.5 kN, as shown in Figure 6 . Since no damage growth was observed during the test, this threshold may be deemed safe. A high threshold such as this can also minimise the likelihood of false alarms without compromising on the safety and reliability of the SHM system.
The proposed scheme shows great promise as a simple and effective means for the monitoring of composite scarf repairs. It must be noted however, that as with all intensity-based techniques, this approach is inherently sensitive to fluctuations in the source. Hence, for long-term applications, a reference monitor would need to be incorporated to compensate for such variations.
CONCLUSION
A study has been presented on the health monitoring of composite scarf repairs using Bragg grating strain sensors. Scarf repairs are commonly employed to maintain the surface flushness of the parent structure for aerodynamic and stealth considerations. A finite element model was constructed incorporating debonds of various sizes to determine the effect of the damage on the strain distributions. It has been shown that due to the severed load path, the surface strain near the debond tip was significantly reduced while the far field strain remained largely unchanged. This strain differential was used to detect the damage. A technique was presented using matching Bragg grating strain sensors to convert the spectral response of the differential strains into an intensity-based output for convenient interrogation using only a photodetector. An experimental study was conducted which qualitatively validated the theoretical findings. This system shows great promise as a simple and effective means for the monitoring of composite bonded repairs.
